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Neonatal exposure to ethanol in rats, during the period of brain development comparable to that of the
human third trimester, produces significant, dose-dependent cell loss in the cerebellum and deficits in
coordinated motor performance. These rats are also impaired in eyeblink conditioning as weanlings and as
adults. The current study examined single-unit neural activity in the interpositus nucleus of the cerebellum in
adults following neonatal binge ethanol exposure. Group Ethanol received alcohol doses of 5.25 g/kg/day on
postnatal days 4–9. Group Sham Intubated underwent acute intragastric intubation on postnatal days 4–9 but
did not receive any infusions. Group Unintubated Control (from separate litters) did not receive any
intubations. When rats were 3–7 mo old, pairs of extracellular microelectrodes were implanted in the region
of the interpositus nucleus. Beginning 1 wk later, the rats were given either 100 paired or 190 unpaired trials
per day for 10 d followed by 4 d of 100 conditioned stimulus (CS)-alone trials per day. As in our previous
study, conditioned response acquisition in Group Ethanol rats was impaired. In addition, by session 5 of
paired acquisition, Group Sham Intubated and Group Unintubated Control showed significant increases in
interpositus nucleus activity, relative to baseline, in the CS–unconditioned stimulus interval. In contrast,
Group Ethanol failed to show significant changes in interpositus nucleus activity until later in training. These
results indicate that the disruption in eyeblink conditioning after early exposure to ethanol is reflected in
alterations in interpositus nucleus activity.

Early exposure to alcohol in humans is known to produce a
variety of behavioral and neural abnormalities (for reviews,
see Mattson and Riley 1998; Roebuck et al. 1998; Streiss-
guth and O’Malley 2000). In some cases of heavy prenatal
exposure to alcohol, fetal alcohol syndrome (FAS) can be
diagnosed by the presence of the constellation of facial dys-
morphology, growth deficiency, and central nervous sys-
tem damage in the affected child. The development of ani-
mal models of FAS has been essential in understanding, at a
detailed level, some of the behavioral and neural abnormali-
ties associated with early exposure to alcohol (Hannigan
1996; Goodlett and Johnson 1999). This research has re-
vealed that cortical, hippocampal, basal gangliar, and cer-
ebellar areas are particularly vulnerable to the teratogenic
effects of alcohol, and that the vulnerability of specific brain
structures changes over stages of development.

Much recent research has concentrated on cerebellar
abnormalities that occur in conjunction with early exposure
to alcohol. The use of a neonatal rat model of binge alcohol
exposure during the period of brain development compa-

rable to that of the human third trimester has been critical
to this research. This model involves exposing neonatal rats
to high doses of alcohol over a short period of time via
either a chronic (Diaz and Samson 1980; West 1993) or an
acute (Sonderegger et al. 1982; Light et al. 1998) intragastric
infusion procedure. Either of these procedures allows con-
trol of the dose, pattern, and resulting profile of blood al-
cohol concentrations produced (BACs) while administering
alcohol during a stage of brain development that is vulner-
able to environmental insults (Goodlett and Johnson 1999).
These are critical factors when cross-species comparisons
of the effects of alcohol are made.

Research using this model has shown that BACs in ex-
cess of 200 mg/dL produce significant loss of Purkinje cells
in neonatal rats that increases with increasing BACs (Bon-
thius and West 1990; Hamre and West 1993; Marcussen et
al. 1994). More recent studies have confirmed and extended
these findings using unbiased stereological procedures, in
which estimates of the total number of cells in a structure
are not affected by changes in cell density (Napper and
West 1995a; Pauli et al. 1995; Goodlett and Lundahl 1996;
Goodlett and Eilers 1997; Goodlett et al. 1997; Goodlett et
al. 1998; Miki et al. 1999). Cell loss is greatest during the
early stages of Purkinje cell dendritic outgrowth and synap-
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togenesis (which occurs in rats on postnatal days [PDs]
4–9). Less Purkinje cell loss occurs with binge exposure
during neurogenesis (which occurs in rats on prenatal days
13–16) (Marcussen et al. 1994), or during later differentia-
tion (Hamre and West 1993). PD days 4–6 appear to be the
period of greatest vulnerability, with a dose-related loss of
Purkinje cells that can reach 50%–60% of control values
(Thomas et al. 1998; Goodlett and Eilers 1997; Goodlett and
Lundahl 1997). Early binge exposure to ethanol also pro-
duces loss of cells in the inferior olive (Napper and West
1995b), a brainstem area that is the source of climbing fiber
projections to Purkinje cells. We have recently shown that
early exposure to ethanol produces loss of cerebellar deep
nuclear cells (J.T. Green, T. Tran, J.E. Steinmetz, and C.R.
Goodlett, in prep.), the target cells of Purkinje cells and the
final relay for the majority of cerebellar output to other
brain regions.

Rats exposed to binge levels of ethanol as neonates
show disrupted performance in motor tasks thought to re-
quire an intact cerebellum (Meyer et al. 1990; Goodlett et al.
1991; Goodlett and Lundahl 1996; Thomas et al. 1998).
However, the precise nature of cerebellar engagement by
these tasks is not well defined, making correlations be-
tween cell loss and behavioral performance somewhat dif-
ficult to interpret. Furthermore, it is difficult to separate
learning from performance deficits with these tasks. A task
that is particularly well suited to addressing these issues is
eyeblink classical conditioning. In eyeblink classical condi-
tioning, a conditioned stimulus (CS), which initially elicits
no response, precedes an unconditioned stimulus (US),
which elicits a reflexive, or unconditioned response in the
form of an eyeblink. Learning is shown by the occurrence of
eyeblinks after the CS but before the US (conditioned re-
sponses; CRs).

An extensive body of research in rabbits, using a vari-
ety of approaches, has characterized the brainstem-cerebel-
lar substrates of eyeblink conditioning (for review, see
Steinmetz 2000). The auditory or visual CS is thought to
project to cerebellar cortex and deep nuclei via mossy fi-
bers arising from lateral pontine nuclei. The somatosensory
US is hypothesized to project to cerebellar cortex and deep
nuclei via climbing fibers arising from the dorsal accessory
olive. One of the deep nuclei, the interpositus nucleus ip-
silateral to the eye that receives the US, appears to be the
site of plasticity for learning the CR. Overlying cerebellar
cortex seems to play at least a modulatory role in learning
eyeblink conditioning, perhaps through control of the am-
plitude and timing of CRs. These substrates appear to be the
same in the rat (Freeman et al. 1995; Skelton 1988; Freeman
and Nicholson 1999; Rogers et al. 2001). In addition to
knowledge of the neural circuitry engaged by eyeblink con-
ditioning, control procedures, such as unpaired presenta-
tions of the CS and US, allow separation of performance
factors from learning.

Knowledge of the precise cerebellar substrates of eye-
blink conditioning makes it particularly useful for assessing
the effects of early exposure to alcohol on the developing
cerebellum (for review, see Steinmetz et al. 2001). Studies
have shown that rats exposed to a high dose of alcohol on
PDs 4–9 are impaired in eyeblink conditioning both as
weanlings (23–24 d old) (Stanton and Goodlett 1998) and as
adults (>3 mo old) (Green et al. 2000). Given that the num-
ber of deep nuclear neurons is highly correlated with the
rate of acquisition of eyeblink conditioning ( J.T. Green, T.
Tran, J.E. Steinmetz, and C.R. Goodlett, in prep.), deficits in
eyeblink conditioning in rats exposed to binge levels of
ethanol as neonates may be directly caused by neuronal
depletion in the deep nuclei, particularly in the interpositus
nucleus.

The purpose of the present study was to assess activity
of interpositus nucleus neurons during eyeblink condition-
ing in adult rats after neonatal exposure to binge levels of
ethanol. Although we have confirmed that deep nuclear
neurons are lost after neonatal exposure to binge levels of
ethanol, we do not know if those that remain show normal
activity during eyeblink conditioning. The current study
shows that adult interpositus nucleus neurons show a delay
in the development conditioning-related activity after neo-
natal exposure to binge levels of ethanol.

RESULTS

Histology
Electrode tracks and marking lesions were used to confirm
electrode placement. Forty-seven rats (29 underwent paired
conditioning; 18 underwent unpaired conditioning) had
electrode placements in the region of the left interpositus
nucleus, distributed throughout the dorsal–ventral extent.
Group totals were as follows: Group Paired Ethanol (EtOH;
n = 9); Group Paired Sham Intubated (SI; n = 11); Group
Paired Unintubated Control (UC; n = 9); Group Unpaired
EtOH (n = 5); Group Unpaired SI (n = 6); and Group Un-
paired UC (n = 7). An additional 19 rats had placements
outside of the interpositus nucleus, most commonly in ei-
ther white matter just dorsal to the interpositus nucleus or
in brainstem areas somewhat ventral to the interpositus
nucleus, such as the dorsal cochlear nucleus or the lateral
vestibular nucleus. Only data from the 47 rats with place-
ments in the interpositus nucleus are described. Note that
because of technical difficulties, data from extinction ses-
sions for one rat from Group EtOH and three rats from
Group UC were not available for analysis. Figure 1 shows a
typical electrode placement, along with a sample of spon-
taneous neural activity recorded from this location during
adaptation.

Blood Alcohol Concentrations
Blood samples were available for 11 of 14 EtOH-treated
animals with a confirmed interpositus nucleus electrode
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placement. The mean BAC of these 11 rats on PD 6 was 344
(±36 SEM) mg/dL.

Spike Separation
Mean threshold for detecting spikes across all treatment
groups was 0.39 mV. There were no differences between
treatment groups in threshold for detecting spikes. For
paired groups, a total of 19–26 units were separated per
group per session. For unpaired groups, a total of 10–18
units were separated per group per session. Mean number
of units separated per animal per session was approximately
two across all treatment and training groups. Given that our
previous study established that rats from Group EtOH have
about 50% fewer deep nuclear neurons than do control
groups (J.T. Green, T. Tran, J.E. Steinmetz, and C.R.
Goodlett, in prep.), one might expect that we would have
recorded from fewer neurons in this group. However, as-
suming uniform loss of cells in the interpositus nucleus
(which is our working assumption), loss of neurons in the
interpositus nucleus in rats from Group EtOH would be
expected to result in depressed background activity as well
(i.e., the signal-to-noise ratio would be the same in Group
EtOH as in the control groups), allowing discrimination of
similar numbers of units in Group EtOH and control groups,
even though fewer units exist in Group EtOH. In addition,

we limited spike separation to no
more than the three best units per
rat in any one session. It is pos-
sible that more than three units
would be separable in control
groups, whereas three was ap-
proaching the limit in Group
EtOH.

Adaptation
During adaptation, all rats re-
ceived 20 presentations of peri-
ocular stimulation followed by 20
presentations of the tone CS. Eye-
blink responses to the 20 presen-
tations of the tone were analyzed
using a one-way analysis of vari-
ance (ANOVA). Adaptation data
were available for 46 of 47 rats.
There was no difference between
treatment groups in either the per-
centage of eyeblink responses,
F(2,43) = 1.72, P > 0.05 or in the
amplitude of eyeblink responses,
F(2,43) = 1.71, P > 0.05. Average
percentage of spontaneous eye-
blink responses to the tone (dur-
ing the 81–350 msec after the
tone in which we measured CRs
during acquisition) on these initial

exposures was 33.7%.
Baseline firing rates (spikes per second) for 350 msec

before US onset on the 20 US-alone trials and for 350 msec
before CS onset on the 20 CS-alone trials were calculated. A
one-way ANOVA revealed no difference between treat-
ments for either baseline firing rate before periocular stimu-
lation onset, F(2,89) = 2.37, P > 0.05 or baseline firing rate
before CS onset, F(2,93) = 0.99, P > 0.05. Mean firing rates
before periocular stimulation onset were 35.9 (±6.6 SEM)
spikes/sec for Group EtOH, 28.4 (±6.0 SEM) spikes/sec for
Group SI, and 47.4 (±6.4 SEM) spikes/sec for Group UC.
Mean firing rates before CS onset were 46.7 (±7.7 SEM)
spikes/sec for Group EtOH, 38.9 (±7.2 SEM) spikes/sec for
Group SI, and 53.5 (±7.5 SEM) spikes/sec for Group UC. See
Figure 1 for an example of unit activity during adaptation.

Paired Groups

Acquisition: Behavior
Data from the 29 rats that underwent paired eyeblink con-
ditioning were analyzed. Group EtOH attained a lower as-
ymptote of learning than did control groups, whether mea-
sured by percentage of CRs or CR amplitude, that was com-
parable to our previous study (Green et al. 2000). Groups SI
and UC did not attain quite as high an asymptote as in our
previous study.

Figure 1 An example of a microelectrode placement in the ipsilateral interpositus nucleus and
corresponding spontaneous unit activity from this site.

Green et al.
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These results were confirmed by statistical analyses.
Learning for the rats that underwent paired eye-blink con-
ditioning was analyzed with a 3 (treatment: EtOH, SI, UC) ×
10 (acquisition session) repeated-measures ANOVA with
percentage of CRs as the dependent measure. This analysis
revealed a significant effect of session, F(9, 234) = 7.44,
P < 0.001. Although the percentage of CRs was consistently
lower in Group EtOH compared
with control groups, the treat-
ment effect did not quite attain
statistical significance (P = .064).
A second ANOVA with CR ampli-
tude as the dependent measure re-
vealed a significant effect of ses-
sion, F(9, 234) = 7.55, P < 0.001,
and a significant effect of treat-
ment, F(2,26) = 3.40, P < 0.05.
Post hoc Tukey’s Honestly Signifi-
cant Difference (HSD) tests re-
vealed a significant difference be-
tween Group EtOH and Group UC,
with Group SI performing interme-
diate to, but not significantly differ-
ent from either of them (Fig. 2).

The lack of a statistically sig-
nificant difference between Group
EtOH and Group SI was surpris-
ing, given the results of our previ-
ous study (Green et al. 2000). The
current results can be attributed
to two rats in Group SI who con-
ditioned exceptionally poorly.
Without these two rats, there
were clear and consistent signifi-
cant differences between Group
EtOH and Group SI in both per-
centage of CRs and CR amplitude.

Comparisons were con-
ducted between paired and un-
paired training for each treatment
group to assess further the issue of
whether Group SI performed dif-
ferently from Group EtOH and
similarly to Group UC. For each
treatment group, a 2 (training:
paired, unpaired) × 10 (session)
ANOVA with percentage of CRs as
the dependent measure was con-
ducted. For Group EtOH, this
analysis revealed no significant ef-
fects. In contrast, for Group SI,
this analysis revealed a significant
effect of session, F(9,135) = 3.32,
P < 0.01, whereas the effect of

training just missed attaining significance, F(1,15) = 3.68,
P = 0.07. For Group UC, this analysis revealed a significant
training × session interaction, F(9, 126) = 1.89, P = 0.05.
Post hoc one-way ANOVAs comparing training within each
session revealed that rats in Group UC receiving paired
training showed a significantly higher percentage of CRs in
sessions 4, 6, 7, 9, and 10 (P’s = 0.006 to 0.05).

Figure 2 Learning in treatment groups that received paired eyeblink conditioning as a function
of acquisition and extinction session. (A) Percentage of conditioned eyeblink responses. (B)
Amplitude of eyeblink responses.
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A similar set of analyses was conducted with CR am-
plitude as the dependent measure. For Group EtOH, this
analysis revealed a significant training × session interac-
tion effect, F(9,108) = 2.19, P < 0.05. Post hoc one-way
ANOVAs comparing training within each session revealed
that Group EtOH rats differed significantly in CR amplitude
only in session 1, in which rats that received unpaired train-
ing actually outperformed those that received paired train-
ing. For Group SI, this analysis also revealed a significant
training × session interaction effect, F(9,135) = 1.92,
P = 0.05. In contrast to Group EtOH, however, post hoc
ANOVAs revealed a significantly higher CR amplitude in
Group SI rats that underwent paired training compared
with those that underwent unpaired training in sessions
4–7, 9, and 10. Finally, for Group UC, this analysis revealed
significant effects of training, F(1,14) = 5.68, P < 0.05 and
session, F(9,126) = 3.54, P < 0.01. Group UC rats that un-
derwent paired training showed a significantly higher CR
amplitude than did Group UC rats that underwent unpaired
training across all sessions.

Acquisition: Unit Activity
Baseline firing rates (spikes per second) were calculated
across all paired trials of a session for the 350-msec period
before the tone CS onset. Separate one-way ANOVAs for
sessions 1, 5, and 10 comparing treatment groups, with
baseline firing rate as the dependent measure, revealed no
difference in baseline firing rate. Collapsed across sessions,
mean baseline firing rate was 38.1 (±3.2 SEM) spikes/sec for
Group EtOH, 47.0 (±3.1 SEM) spikes/sec for Group SI, and
52.1 (±3.2 SEM) spikes/sec for Group UC. Figure 3 shows
an example of behavioral and unit activity on a CR trial
recorded in session 5 of acquisition in a rat from Group
EtOH (Fig. 3A) and a rat from Group UC (Fig. 3B).

The analysis of changes in firing from baseline to the
CS–US interval can be summarized as follows: (1) when a
CR was executed, activity increased during the CS–US in-
terval; in the middle of training, Groups SI and UC showed
greater increases between 80 and 280 msec after CS onset
than did Group EtOH; and (2) when no CR was executed,
changes in activity from baseline to the CS–US interval were
minimal and did not differ between treatment groups.

To examine changes in firing from baseline to the CS–
US interval, we analyzed standard scores of neural activity
separately for five 70-msec periods during the CS–US inter-
val for acquisition sessions 1, 5, and 10 with a 3 (treatment:
EtOH, SI, UC) × 5 (period) repeated-measures ANOVA with
treatment as a between-subjects factors and period as a
within-subjects factor. Analyses were conducted separately
for CR and non-CR trials. On CR trials, there were no dif-
ferences between treatment groups at the beginning of ac-
quisition (session 1) or at the end of acquisition (session
10). In contrast, a significant period × treatment interaction
was observed in session 5, F (8,256) = 2.26, P = 0.024. Ex-

amination of the interaction effect using one-way ANOVAs
comparing treatment groups in each period revealed differ-
ences between treatment groups in all five periods,
P’s = 0.03 to 0.003. Post hoc Tukey’s HSD tests showed that
Group EtOH showed significantly less interpositus nucleus
activation on CR trials compared with both Group SI and
Group UC in periods 2–4 and less activation compared with
Group UC in period 1 and Group SI in period 5 (Fig. 4A).
Similar analyses of non-CR trials revealed only a significant
effect of period in session 10, F (4,224) = 3.88, P < 0.01
caused by a significant linear decrease in activation across
periods that was similar in all treatment groups (Fig. 4B).

Representative examples of mean behavioral and
summed unit activity across CR trials in session 5 of paired
acquisition for a rat from each treatment group are shown
in Figures 5–7.

The analyses of standard scores were supported by cal-
culation of the proportion of neurons showing significant
activation in periods 4 and/or 5 on CR trials but not on
non-CR trials during the CS–US interval. These neurons are
the strongest candidates for conditioning-related units.
Fewer of these potential conditioning-related neurons

Figure 3 Rectified and integrated eyelid EMG activity (top trace),
interpositus nucleus activity (middle trace), and tick marks repre-
senting action potentials of a discriminated unit (bottom trace) on
a CR trial during session 5 of paired eyeblink conditioning in a rat
from (A) Group EtOH and (B) Group UC.

Green et al.
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showed significant activation in
sessions 5 and 10 in Group EtOH
compared with control groups
(Fig. 8A).

Acquisition: Relationship
Between Behavior and
Unit Activity
Cross-correlations between eyelid
electromyographic (EMG) activity
during eyeblink conditioning and
interpositus nucleus activity for
each paired acquisition session
were calculated across all paired
trials that were not discarded be-
cause of excessive eyelid activity
in the pre-CS period. Separate one-
way ANOVAs for sessions 1, 5, and
10 comparing treatment groups
were calculated using the maxi-
mum correlation coefficient as the
dependent measure. This analysis
revealed a significant treatment ef-
fect in session 5, F(2,63) = 5.77,
P < 0.01. Post hoc Tukey’s HSD
tests showed that Group EtOH had
a significantly lower cross-correla-
tion coefficient in session 5 com-
pared with both Group SI (P =
0.006) and Group UC (P = 0.030)
but Groups SI and UC did not dif-
fer. A similar set of analyses con-
ducted using the lead/lag latency
of the cross-correlation coefficient
(i.e., the latency by which inter-
positus nucleus activity preceded
or followed eyelid EMG activity)
as the dependent measure re-
vealed a difference between treat-
ment groups in session 1,
F(2,63) = 3.59, P = 0.033. Post
hoc Tukey’s HSD tests showed
that Group EtOH had a signifi-
cantly shorter amount of time be-
tween behavior onset and unit on-
set compared with Group UC
(P = 0.027) in session 1. Figure 9
shows a scatterplot of cross-corre-
lations from sessions 1 and 5 of
paired acquisition.

Extinction: Behavior
A 3 (treatment: EtOH, SI, UC) × 4
(extinction session) ANOVA with

Figure 4 Standard scores for sessions 1, 5, and 10 of paired eyeblink conditioning as a function
of the 70-msec period during the CS–US interval for each treatment group on (A) paired trials with
a CR; (B) paired trials without a CR. A standard score of approximately 2.0 represents a significant
increase in activity above baseline.
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percentage of CRs as the dependent measure revealed a
significant interaction effect, F(6,60) = 2.38, P = 0.039. Fur-
ther analysis, using separate one-way ANOVAs comparing
treatment groups in each extinction session separately, re-
vealed no significant difference between treatment groups
in any individual extinction session, (P’s = 0.16 to 0.82).
Results were similar with CR amplitude as the dependent
measure (see Fig. 2).

Extinction: Unit Activity
To examine changes in firing from
baseline to the post-CS interval,
standard scores of neural activity
for five 70-msec periods after CS
onset were analyzed separately for
extinction session 1 and 4 with a 3
(treatment: EtOH, SI, UC) × 5 (pe-
riod) repeated-measures ANOVA
with treatment as a between-sub-
jects factors and period as a
within-subjects factor. Analyses
were conducted separately for CR
and non-CR trials. On CR trials,
there were no differences be-
tween treatment groups at the be-
ginning (session 1) or end (session
4) of extinction, but there were
significant effects of period for
both sessions, P’s < 0.01. Standard
scores increased linearly across
post-CS periods on trials with a CR
and this pattern was similar across
treatment groups. On trials with-
out a CR, there were no signifi-
cant effects in session 1 but, in
session 4, there was a significant
effect of period, F(4,176) = 4.97,
P = 0.001 and treatment, F(2,44)
= 4.02, P = 0.025. In the last ses-
sion of extinction, standard scores
increased linearly across post-CS
periods on trials without a CR and
were larger in Group UC com-
pared with Group EtOH.

Unpaired Groups

Training: Behavior
Data from the 18 rats that under-
went unpaired training were ana-
lyzed. Responses to CS-alone pre-
sentations were analyzed with a 3
(treatment: EtOH, SI, UC) × 10
(training session) ANOVA with
percentage of eyeblinks as the de-
pendent measure. This analysis re-

vealed no significant effects. A similar analysis with eyeblink
amplitude as the dependent measure also revealed no sig-
nificant effects. These results indicated that nonassociative
responses to the tone were no different in the EtOH rats
compared with controls. Furthermore, responding to the
tone remained stable across sessions. Average percentage of
eyeblinks to the tone across groups and sessions was 33.9%,
which was almost identical to the average spontaneous per-

Figure 5 Mean rectified and integrated eyelid EMG activity (top trace) and summed peristimulus
time histograms for two separate units recorded from a Group Ethanol rat on trials with a CR during
session 5 of paired eyeblink conditioning.

Green et al.
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centage of eyeblinks to the tone during adaptation (see Fig.
10). Although not statistically significant, we did note that
tone-evoked responses were relatively high in the EtOH rats
compared with other rats on sessions 1 to 3. The higher level
of responding disappeared, however, after the fourth session.

Training: Unit Activity
To examine changes in firing from baseline to the post-tone
interval for the unpaired groups, standard scores of neural

activity for five 70-msec periods
during the post tone interval were
analyzed separately for training
sessions 1, 5, and 10 with a 3
(treatment: EtOH, SI, UC) × 5 (pe-
riod) repeated-measures ANOVA
with treatment as a between-sub-
jects factors and period as a
within-subjects factor. Analyses
were conducted separately for tri-
als with an eyeblink response and
trials without an eyeblink re-
sponse. For trials with an eyeblink
response, this analysis revealed
significant period x treatment in-
teraction effects for session 1,
F(8,172) = 5.37, P < 0.001, session
5, F(8,160) = 2.20, P = 0.030, and
session 10, F(8,164) = 3.01, P <
0.01. For session 1, examination
of the interaction effect using one-
way ANOVAs comparing treat-
ment groups in each period re-
vealed significant differences be-
tween treatment groups for
periods 2–5, P’s < 0.02. Post-hoc
Tukey’s HSD tests showed that
Group EtOH showed a signifi-
cantly higher standard score com-
pared to Group UC in period 2
(P < 0.01), and compared to both
Group SI and Group UC in periods
3–5 (P’s < 0.02). For sessions 5
and 10, examination of the inter-
action effect revealed no differ-
ence between treatment groups in
any period, although the F-values
varied widely and approached sig-
nificance for period 1 of session
10 (Fig. 11A).

The same analyses were per-
formed for tone presentations
with no eyeblink response. These
analyses revealed no significant ef-
fects for session 1 or 5. For session

10, a significant treatment effect was revealed, F(2,41) =
7.54, P < 0.01. Post-hoc Tukey’s HSD tests showed that
Group EtOH had significantly less change in interpositus
nucleus activity from the pre-tone to the post-tone interval
compared to Group SI (P = 0.001). (Fig. 11B). The results of
the standard score analysis were supported by the propor-
tion of neurons that showed significant activation in periods
4 and/or 5 on trials with a response but not on trials without
a response (see Fig. 8B).

Figure 6 Mean rectified and integrated eyelid EMG activity (top trace) and summed peristimulus
time histograms for two separate units recorded from a Group Sham Intubated rat on trials with a
CR during session 5 of paired eyeblink conditioning.
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DISCUSSION

Learning and Interpositus Nucleus Activity in
Ethanol-Exposed Rats
As in our previous study (Green et al. 2000), rats exposed to
binge levels of ethanol as neonates were impaired in acqui-
sition of 350-msec delay eyeblink conditioning as adults.
Deficits did not appear quite as large in the current study
because the control animals did not perform quite as well as

previously. In particular, two rats
in Group SI performed exception-
ally poorly compared with the
other nine rats in Group SI in the
current study and the eight rats in
Group SI in our previous study.
Comparisons between rats that re-
ceived paired training versus
those that received unpaired train-
ing in each treatment group
showed that rats in Group EtOH
showed no differences in perfor-
mance (except for session 1)
whether they received paired or
unpaired training, whereas rats in
Group SI and rats in Group UC
that underwent paired training al-
most always differed from their
counterparts that underwent un-
paired training in sessions 4 to 10.
Overall, in the current study, as in
our previous study, there appear
to be learning deficits in adult rats
exposed to binge levels of ethanol
as neonates in that they always
learned eyeblink conditioning
more poorly than did unintubated
controls. Rats that undergo sham
intubation usually perform some-
what more poorly than unintu-
bated controls but better than
ethanol-exposed rats, indicating
that the stress of the intubation
procedure may have some long-
term effects on eyeblink condi-
tioning. However, the effects of
early exposure to binge levels of
ethanol on eyeblink conditioning
in adult rats are clearly a greater
factor than is the stress of the in-
tubation procedure in producing
deficits in adult eyeblink condi-
tioning.

The learning deficits in
Group EtOH rats do not appear to
be due to a simple inability to per-

form an eyeblink, as indicated by (1) similar numbers of
spontaneous blinks in ethanol-exposed and control rats
(Green et al. 2000); (2) similar number of startle responses
to the tone in ethanol-exposed and control rats (Green et al.
2000); and (3) similar eyelid EMG activity to periorbital
stimulation in ethanol-exposed and control rats (J.T. Green
and J.E. Steinmetz, unpubl.). Also, in agreement with our
previous study, there were no significant behavioral differ-

Figure 7 Mean rectified and integrated eyelid EMG activity (top trace) and summed peristimulus
time histograms for two separate units recorded from a Group Unintubated Control rat on trials with
a CR during session 5 of paired eyeblink conditioning.
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ences between treatment groups during unpaired training,
although there was some initial heightened responding in
Group EtOH. In contrast to our previous study, no differ-
ences were noted between groups during extinction train-
ing after either paired or unpaired training.

In addition to behavioral deficits in the ability to ac-
quire CRs in eyeblink conditioning, adult rats that had been
exposed to binge levels of ethanol as neonates showed pat-
terns of interpositus nucleus activity that differed from both
sham intubated and unintubated controls. Overall baseline
firing rates were similar across treatment groups and were
approximately 28–54 Hz, which accords well with previous
studies of extracellular deep nuclear activity in cats (Gruart
and Delgado-Garcia 1994) and rabbits (Berthier and Moore
1990). However, during paired acquisition, there was a
slower-than-normal engagement of interpositus nucleus
neurons during eyeblink conditioning in Group EtOH. Al-
though both Group SI and Group UC showed similar and
significant unit activation in the CS–US interval by session 5
on trials when a CR was executed, Group EtOH did not
show this pattern until the end of acquisition. This delayed
pattern of interpositus nucleus activation in Group EtOH
indicates that these rats may be capable of eventually ex-
hibiting the level of CRs shown by control groups and fur-
ther indicates that CS and US input pathways to the inter-

positus nucleus must be at least somewhat intact. The most
likely explanation of the delayed activation of the interposi-
tus nucleus in Group EtOH during eyeblink conditioning is
that these rats have fewer interpositus nucleus neurons
available to become plastic, although abnormalities in cer-
ebellar cortex, inferior olive, and pontine nuclei cannot be
ruled out. It is important to note, however, that these re-
sults indicate that the interpositus nucleus remains, func-
tionally as well as structurally, partially intact after exposure
to binge levels of ethanol during the brain growth spurt.

A cross-correlation analysis between behavior and unit
activity across trials further strengthened the conclusion
that CR-related interpositus nucleus activity in Group EtOH
was slow to develop during eyeblink classical conditioning.
Cross-correlations were lowest in Group EtOH in session 5
of paired acquisition, indicating less connection between
behavior and interpositus nucleus activity. Analysis of the
proportion of units showing significant activation around
the time that CRs were executed indicates that this differ-
ence in activation patterns was due to fewer units showing
significant activation in Group EtOH, rather than to an over-
all depression of unit activity. This accords well with the
fact that Group EtOH has fewer cells in the deep nuclei (J.T.
Green, T. Tran, J.E. Steinmetz, and C.R. Goodlett, in prep.)
and supports our conclusion that there are still plastic units
in the interpositus nucleus of adult rats exposed to binge
levels of ethanol as neonates, but they have been reduced in
number.

Activation of interpositus nucleus units in ethanol-ex-
posed rats during the initial sessions of unpaired training
was observed when eyeblinks were executed. This height-
ened activation disappeared later in training, but there was
still evidence of some activation of interpositus nucleus
units on trials with an eyeblink during unpaired training in
all treatment groups. Although the interpositus nucleus
does not show activation in the absence of CRs in rabbits
(Gould and Steinmetz 1996), it is important to note that
rabbits rarely blink at all during unpaired training. In con-
trast, rats (much like humans), appear to blink spontane-
ously quite often. Given the activation of deep nuclear neu-
rons during eyeblinks (Gruart and Delgado-Garcia 1994), it
is not surprising that we observed some activation during
unpaired training. However, in contrast to paired acquisi-
tion, unit activation during unpaired training was generally
lower and did not increase across sessions. Thus, these units
may have been coding the eyeblink itself, but did not ap-
pear to be showing learning-related plasticity.

Possible Mechanisms for Differences in
Interpositus Nucleus Activity Between
Ethanol-Exposed and Control Rats
There are several possible reasons (which are not mutually
exclusive) for why we observed delayed learning-related
activity in the interpositus nucleus of rats exposed to binge

Figure 8 Proportion of neurons showing significant activation in
the (A) last 140 msec of the CS–US interval on CR trials but not on
non-CR trials, as a function of a paired acquisition session and (B)
the equivalent interval on CS-alone trials with an eyeblink but not
on trials without an eyeblink, as a function of an unpaired training
session.
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levels of ethanol as neonates: (1) loss of interpositus
nucleus cells; (2) loss of Purkinje cells; and (3) loss of infe-
rior olivary cells.

One possible explanation for our results is that rats
exposed to binge levels of ethanol as neonates had fewer

interpositus nucleus cells avail-
able to become plastic. Recently,
we have shown that adult rats
have fewer deep nuclear neurons
after early exposure to binge lev-
els of ethanol (J.T. Green, T. Tran,
J.E. Steinmetz, and C.R. Goodlett,
in prep.). In the current study,
ethanol-exposed rats did not de-
velop strong conditioning-related
activity in the interpositus nucleus
during eyeblink conditioning until
late in acquisition. If eyeblink
conditioning normally engages a
population of interpositus nucleus
neurons and some of this popula-
tion is missing, conditioning-re-
lated activity of individual neurons
of the population may be reduced.
This reduced conditioning-related
activity may not be enough to con-
sistently generate a CR. The fact
that we saw some conditioning-re-
lated activity in ethanol-exposed
rats agrees with the finding that
these rats do learn during eyeblink
conditioning, but not as well as
controls. Thus, ethanol-exposed
rats have some interpositus nu-
cleus neurons remaining that
can become plastic, but the num-
ber is significantly reduced com-
pared with control rats. We were
able to find similar numbers of
units across treatment groups but
we were unable to find similar
numbers of conditioning-related
units across treatment groups.

A second possible explana-
tion for our results is that rats ex-
posed to binge levels of ethanol as
neonates had fewer Purkinje cells
available and that this directly af-
fected interpositus nucleus activ-
ity. Numerous studies have shown
that early exposure to binge levels
of ethanol reduces Purkinje cell
numbers in a dose-dependent
manner, with severe loss at high

binge doses (Napper and West 1995a; Pauli et al. 1995;
Goodlett and Lundahl 1996; Goodlett and Eilers 1997;
Goodlett et al. 1997; Goodlett et al. 1998; Miki et al. 1999).
The interpositus nucleus receives inhibitory afferents from
Purkinje cells. It is possible that there were not enough

Figure 9 Scatterplot of cross-correlation coefficients and lead/lag latencies during paired eyeblink
conditioning in (A) session 1 and (B) session 5.
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Purkinje cells to properly shape interpositus nucleus activ-
ity for generation of CRs in ethanol-exposed rats. Damage to
cerebellar cortex before training, in the absence of damage

to the interpositus nucleus, is
known to slow the rate of eye-
blink conditioning in rabbits with
permanent or reversible lesions
(Lavond and Steinmetz 1989;
Clark et al. 1997), rats with fewer
cortical cells because of neonatal
treatment with an antimitotic
agent (Freeman et al. 1995), and
mutant mice that lose all of their
Purkinje cells as preweanlings
(Chen et al. 1996). Although it is
possible that damage to the inter-
positus nucleus in ethanol-ex-
posed animals is secondary to loss
of Purkinje cells in causing deficits
in eyeblink conditioning, it seems
unlikely that damage to the critical
substrate would not play a key
role in slower eyeblink condition-
ing. Fewer Purkinje cells is likely
to play a role secondary to loss of
cells in the interpositus nucleus in
the deficits we observed. It may
be the case that additional inter-
positus nucleus units would be-
come plastic if a full complement
of Purkinje cells were available,
perhaps through control of plas-
ticity by Purkinje cells at mossy fi-
ber-to-interpositus nuclear cell
synapses (Mauk 1997; Medina and
Mauk 1999).

A third possible explanation
for our results involves loss of in-
ferior olivary input to both Pur-
kinje cells and interpositus
nucleus cells. Rats exposed to
binge levels of ethanol as neonates
have been shown to have fewer
inferior olivary cells compared
with controls (Napper and West
1995b). Furthermore, this loss ap-
pears to have consequences on
Purkinje cell activity. Spontaneous
complex spiking in Purkinje cells
(which is caused by inferior oli-
vary input) is significantly dimin-
ished in anesthetized rats that
were exposed to ethanol as neo-
nates compared with controls

(Backman et al. 1998). In contrast, simple spiking remained
normal, indicating that the mossy/parallel fiber input to Pur-
kinje cells (and therefore pontine nuclear input) may re-

Figure 10 Eyeblink responses in treatment groups that received unpaired training, as a function of
training and extinction session. (A) Percentage of eyeblink responses. (B) Amplitude of eyeblink
responses.
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main normal in ethanol-exposed
rats. Thus, rats exposed to binge
levels of ethanol as neonates may
show less learning-related activity
in the interpositus nucleus during
eyeblink conditioning because of
loss of direct inferior olivary input
to the interpositus nucleus and in-
direct inferior olivary input to the
interpositus nucleus via Purkinje
cells. This inferior olivary input is
critical for learning eyeblink con-
ditioning, because it conveys US-
related activity to the cerebellum.
Damage to the inferior olive, be-
fore training, in the absence of
other damage, prevents eyeblink
conditioning in rabbits (McCor-
mick et al. 1985; Turker and Miles
1986; Mintz et al. 1994). Given
that ethanol-exposed rats do learn
eyeblink conditioning, although
not as well as controls, it is likely
that at least some of the critical
inferior olivary cells that process
the US remain and that they can
relay that information to both Pur-
kinje cells and to the interpositus
nucleus. However, this informa-
tion may be less than complete
and could potentially be a major
cause of reduced conditioning-re-
lated activity in the interpositus
nucleus in adult rats exposed to
binge levels of ethanol as neo-
nates.

Conclusions
The current study showed that
rats exposed to binge levels of
ethanol as neonates are impaired
in learning eyeblink conditioning.
In addition, CR-related neural ac-
tivity in the critical site of plastic-
ity for eyeblink conditioning, the
ipsilateral interpositus nucleus of
the cerebellum, does not develop
as quickly in these rats compared
with controls, indicating that the
interpositus nucleus may be only
partially functional in ethanol-ex-
posed rats. Future studies will ex-
amine neural activity during eye-
blink conditioning in other areas

Figure 11 Standard scores for sessions 1, 5, and 10 of unpaired eyeblink conditioning as a
function of the 70-msec period during the post-CS interval for each treatment group on (A) CS-alone
trials with an eyeblink response and (B) CS-alone trials without an eyeblink response. A standard
score of approximately 2.0 represents a significant increase in activity above baseline.
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of the eyeblink conditioning circuitry of ethanol-exposed
rats, including Purkinje cells, inferior olivary cells, and lat-
eral pontine nuclear cells. Collectively, these studies should
provide a detailed description, at the neural level, of the
impact of early exposure to ethanol on the developing cer-
ebellum in the form of the long-term consequences on cer-
ebellar-dependent learning.

MATERIALS AND METHODS

Subjects
Long-Evans male and female breeders, housed in the Indiana Uni-
versity–Purdue University at Indianapolis vivarium, were placed
together on designated evenings at approximately 1700 h and al-
lowed to mate overnight. Gestational day (GD) 0 was defined as the
first morning that sperm was detected on a vaginal smear after an
overnight mating. GD 22 was designated as PD 0, and >80% of
births occurred on GD 22. Rats born on GD 21 were considered PD
0 the following day and rats born on GD 23 were considered PD 1
on that day. Litters were culled to eight pups, four males and four
females when possible, on PD 1. Pups were identified by a code
using a permanent tattoo on one or more paws, produced by sub-
cutaneous injection of a small amount of nontoxic black ink (per-
formed on PD 3, before group assignment). A total of 66 rats (31
males; 35 females) derived from 25 litters were included in this
study. Other rats from these litters were used in other studies.

Neonatal Treatment Groups
On GD 26 (PD 4), pups of a given litter were randomly assigned to
one of three treatment groups. Two males and two females were
assigned to Group EtOH and an additional two males and two
females were assigned to Group SI. These eight pups, all given
intubation treatments, comprised a litter that remained with their
birth dam. Separate litters, also culled to eight pups, comprised
Group UC.

Pups in Group EtOH and Group SI were intubated three times
a day from PD 4 to PD 9, with the intubations separated by 2 h
(typically, 10:00, 12:00, and 14:00 h). The first two daily intuba-
tions for Group EtOH delivered a solution of 11.9% (v/v) ethanol in
milk formula (West et al. 1984) in a volume of 0.02778 mL/g body
weight (Goodlett and Johnson 1997; Goodlett et al. 1998); the third
intubation consisted of milk formula only. Group SI pups were also
intubated three times daily, but no formula was ever infused. This
choice of not matching infusion calories in Group SI was derived
from our previous observation that giving extra calories to nonin-
toxicated controls resulted in growth curves that were accelerated
relative to Group UC (Goodlett and Johnson 1997; Goodlett et al.
1998).

Pups remained with the dam until weaning on PD 21. At that
time they were marked with an ear punch for litter identification.
Between 60 and 80 d of age, rats were transported in their home
cages by vehicle to the Indiana University–Bloomington campus
(less than a 90-min drive), and housed thereafter in the Indiana
University–Bloomington Department of Psychology vivarium.

Determination of Blood Alcohol Concentrations
Blood samples were collected from a tail clip 2 h after the second
ethanol intubation on PD 6. Blood was sampled from all Group
EtOH and Group SI pups, but not from Group UC pups; only the
Group EtOH samples were kept for analysis. BACs were determined

using the Analox GL5 Analyzer (Analox Instruments). Twenty mi-
croliters of tail blood was collected into a heparinized capillary
tube and dispensed into a microcentrifuge tube. Samples were cen-
trifuged, and plasma was separated and either analyzed immedi-
ately or frozen at −20°C for later analysis. The Analox Analyzer used
an oxygen-sensitive electrode to measure the rate of oxygen con-
sumption resulting from oxidation of ethanol in the sample (by the
ethanol oxidase reagent provided by Analox). The Analox Analyzer
was calibrated (within the range of linearity for expected sample
concentrations) with a known alcohol standard before each use.
The alcohol concentration of each sample was calculated by com-
parison to the contemporary standard. Reliability of the Analox
Analyzer was periodically checked by testing multiple samples of a
known concentration of ethanol; variation typically was within ∼ 3%
of the target concentration.

Surgery
When rats were at least 90 d old, they were prepared for eyeblink
conditioning. Rats were anesthetized using intramuscular (IM) in-
jections of an anesthetic cocktail (2.0 ml/kg) consisting of physi-
ological saline, ketamine (37.0 mg/ml), xylazine (1.85 mg/ml), and
acepromazine (0.37 mg/ml). Anesthesia was maintained with addi-
tional IM injections of a second anesthetic cocktail (0.15 ml) con-
sisting of ketamine (5.0 mg) and xylazine (10.0 mg).

Each animal was surgically prepared with differential EMG
recording wires, bipolar periocular stimulation US wires, and a pair
of insulated microelectrodes. The EMG wires for recording activity
of the external muscles of the eyelid, the orbicularis oculi, were
constructed of two strands of ultra-thin (0.003�) Teflon-coated
stainless steel wire passed subdermally to penetrate the skin of the
upper eyelid of the left eye. Bipolar stimulation wires were con-
structed from the same Teflon-coated wire and were positioned
subdermally immediately caudal to, and dorsocaudal to, the left
eye. Microelectrodes were constructed from stainless steel rods
that were etched to a fine tip and insulated with Epoxylite. Tip
impedance was brought to 1.5–4.0 M� (at 1 kHz) by passing a small
amount of current between the electrode tip and a counter elec-
trode (Ciancone and Rebec 1989). A pair of microelectrodes was
stereotaxically placed in the region of the left interpositus nucleus
(AP: −2.3 relative to the interaural line; ML: +2.3; DV: −5.7). A
ground wire was connected to two stainless steel skull screws. All
of the wires were attached to a 10-pin Augat-style connector and
fixed into a cap of dental cement. The wound was salved with
antibiotic ointment, and the animals were given at least 1 wk to
recover before the start of the training procedures.

Apparatus
Eyeblink conditioning took place in an operant box within a sound-
attenuating chamber. A fan provided background noise of approxi-
mately 65–70 dB sound pressure level (SPL). Stimulus delivery was
controlled by an IBM PC-compatible computer running custom
software (Chen and Steinmetz 1998). Recording of behavioral and
neural activity was controlled by a computer interfaced with a
Micro 1401 data acquisition unit and running Spike2 software
(CED).

The 10-pin Augat socket cemented to the rat’s skull carried
two leads from the upper left eyelid for recording EMG activity,
two leads for delivering periocular stimulation, and two leads from
the cerebellar microelectrodes. The rat was plugged into a 10-
channel commutator, which carried leads to and from peripheral
equipment. The EMG signal was amplified 1000×, bandpass filtered
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at 100–1000 Hz, and rectified and integrated before being passed to
a computer. The neural signal was passed through a JFET config-
ured as a source follower, amplified 10,000×, bandpass filtered at
500–5000 Hz and passed to the same computer.

A 450-msec, 2800-Hz, 90-dB SPL tone delivered from an over-
head speaker within the chamber served as the CS. A 100-msec
periocular stimulation (60 Hz, 5-msec pulse width) was delivered
through two of the commutator leads and served as the US. The
amount of current delivered (mean of 1.7 mA) was adjusted for
each subject to elicit a clear eyeblink that was sometimes accom-
panied by a slight head turn. Post hoc analyses revealed that there
were no differences between treatment groups in the intensity of
the periocular stimulation delivered as a US for training.

Conditioning Procedures
Mean age at testing across all rats was 154 days (range = 96 to 217
days) and there was no difference between treatment groups in age
at testing. Because we were interested in the effects on the adult
cerebellum of PD exposure to ethanol, we did not try to limit age
at testing to a narrower range. Experimenters were blind to the
neonatal treatment of the animal. Before training, all rats under-
went one session of exposure to the training stimuli. During this
session, 20 presentations of a single pulse of periocular stimulation
(0.1-msec pulse width) were delivered followed by 20 presenta-
tions of the tone CS.

On the day following exposure to stimuli, rats began either
paired or explicitly unpaired training. In a typical trial of paired
training, the onset of the tone CS preceded the onset of the 100-
msec coterminating periocular stimulation US by 350 msec. How-
ever, on every tenth trial, a CS-alone trial was delivered, which
allowed inspection of any potential long latency responses without
contamination because of the presence of the US. Rats given paired
training received 100 trials per day for 10 days. Trials were sepa-
rated by 20–40 sec. Following the last day of paired training, 4 d of
100 CS-alone trials per day were given to examine extinction of the
learned response.

For rats that underwent explicitly unpaired training, each trial
consisted of the presentation of either the tone CS or the periocular
stimulation US in a pseudorandom order. Rats given explicitly un-
paired training received 100 presentations of the tone CS inter-
mixed with 90 presentations of the periocular stimulation US per
day for 10 days. Trials were separated by 10–20 sec. Following the
last day of unpaired training, 4 d of 100 CS-alone trials per day were
given to compare with similar trials given to rats that had under-
gone paired training.

Histology
Following the last day of training, rats were killed with sodium
pentobarbital (120 mg/kg). A small dc electrolytic lesion (100 µA,
20 sec) was made by passing current through the electrodes. Rats
were perfused with 0.9% saline followed by 10% formalin, and the
brain was extracted and stored in a 10% sucrose/30% formalin
solution for at least 1 wk. Before sectioning, brains were embedded
in albumin–gelatin and frozen. Using a sliding microtome, frozen
coronal sections were taken at 80 µm. The tissue was stained with
cresyl violet (for cell bodies) and Prussian blue (for iron deposits
left by the marking lesions) and coverslipped with Permount.

Behavioral Data Analysis
Eyelid EMG activity was sampled for 1050 msec on each trial. Each
trial was divided into three periods: (1) a pre-CS period, 350 msec

before CS onset; (2) a CS–US period, 350 msec between CS onset
and US onset; and (3) a post-US period, 350 msec after US onset.
Trials in which an eyeblink occurred during the pre-CS period that
was >50% of maximum eyelid closure were labeled as trials with
excessive spontaneous movement and discarded. Percentage of dis-
carded trials across all rats was 5.5–14.2%, depending on the ses-
sion. There were no significant differences between treatment
groups in percentage of discarded trials during either paired or
unpaired training.

An eyeblink within 80 msec after CS onset that was greater
than the mean activity during the pre-CS period + 5 SDs was scored
as a reflexive startle response to the tone. An eyeblink 81–350 msec
after CS onset that was greater than the mean activity during the
pre-CS period + 5 SDs was scored as a CR. Across all trials, per-
centage of CRs and amplitude of eyeblinks during the CS–US period
served as the dependent measures of learning.

Unit Data Analysis
Neural activity was sampled for 1050 msec on each trial. Offline
separation of individual units was done with the threshold discrimi-
nation and template-matching algorithms of the Spike2 system
(CED). For spike separation, the maximum percentage amplitude
change for a match was 20%, and the percentage of a spike that had
to lie within a template for a match was 70%. Threshold for spike
detection was set to two times the noise threshold. Using this
system, 1–3 units per session could be clearly separated from the
multiple-unit signal.

Following spike separation, behavioral and unit data were
binned (bin size = 2.832 msec), and analyzed using custom soft-
ware (King and Tracy 1999). Data were separated according to trial
type (CS only, US only, or paired) and behavior type (CR, non-CR),
and analyzed independently. For analysis of increases and decreases
in neural activity during trials, the 350-msec period between CS
onset and US onset was divided into five periods of 70 msec each.
For each trial, five difference scores were calculated by subtracting
the mean activity for the entire pre-CS period from the mean ac-
tivity for each of the five post-CS periods. For a session, five CS-
period standard scores were formed by dividing the mean of the
corresponding difference score by the standard error of the corre-
sponding difference score. Criterion for a significant increase or
decrease in activity in a particular CS period was 1.96 across ses-
sions. Average unit firing frequency during the pre-CS and the CS—
US interval was also calculated.

Behavior-Unit Relationship Analysis
Cross-correlations were conducted for each session between mean
eyelid EMG activity and summed unit activity across all good trials
of a session. For each cross-correlation, CS period neural data was
lined up with pre-CS period behavioral data, a correlation coeffi-
cient was calculated, and neural data was shifted one bin. This
process was repeated until pre-CS period neural data was lined up
with CS period behavioral data. In the current study, there were
120 bins in the CS period, so that cross-correlations were calculated
from a lag of −120 to a lag of +120. The lag of the largest correlation
coefficient, when multiplied by the bin size, indexed the time by
which neural activity preceded or followed behavior.
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